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Variations in chemical and stable carbon isotopic compositions of Liaohe crude oil  
during aerobic biodegradation simulation 
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Abstract: Aerobic biodegradation simulations were performed on the Liaohe crude oil samples. Variations in 
chemical compositions of the oils and stable carbon isotopic compositions of oil fractions and individual n-alkanes 
were investigated by determining the degraded products in slightly to moderately biodegraded oils. The results 
showed that saturated hydrocarbons were preferentially degraded, and the normal alkanes were biodegraded prior 
to iso-alkanes. In addition, n-alkanes with lower carbon numbers were consumed prior to higher carbon number 
n-alkanes. No significant carbon isotopic fractionation occurred for the n-alkanes (C14~C30) during aerobic 
biodegradation. Therefore, the relative abundance and the hydrophobicity of n-alkanes should be the dominant 
factors controlling their degradation. That is, the n-alkanes with lower carbon numbers facilitate access to 
petroleum degrading microbes as substrates due to lower interfacial tension between oil and water. The aerobic 
biodegradation products of n-alkanes were mainly fatty acids, aliphatic alcohols and carbon dioxide. The δ13C 
values of n-alkanes were heavier than those of other fractions in the studied Liaohe crude oil. Most of the 
oil-soluble fatty acids and aliphatic alcohols were combined into resin fraction while a small portion of them into 
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asphaltene fraction through hydrogen bonds and/or ester bonds, resulting in a δ13C shift to asphaltene fraction. 
Namely, the biodegradation products of n-alkanes might have a “pull effect” on δ13C of asphaltenes. Whereas the 
water-soluble fatty acids and carbon dioxide that were dissolved into water phase would result in 13C depletion of 
the residual oil. Therefore, if δ13C of the hydrocarbons susceptible to biodegradation, such as n-alkanes, is 
significantly different from that of crude oil, the variation of chemical compositions of crude oil would result in 
significant changes in the δ13C of both bulk oil and oil fractions during biodegradation. 
Key words: biodegradation; Liaohe crude oil; stable carbon isotope; simulated experiment; n-alkane 
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??????????????????, ???
????????, ???????????, ?
????????????????, ?????
??????????; ??????????, ?
?????????????????????[5–7]? 
????????????????????
???????[7–12]?????????????
????????????????[13–18]????, 
????????????? [2, 11], ? da-Cruz et 
al.[18]????????????????????
??????????, ???????????
??????????????????????
??????????????????????
?????????????????[19–22]?Sun et 
al.[22]????????????????????
??????????; ?????????, ?
?????????(C15~C18)? δ13C ??????
?(~4‰), ???????????(C?18)???
??????????????????????
??????????????????????
??????????????[19, 21, 23]???, ?
??????????????????????
???????????, ??????????
???????????, ??????????
??????????????????????
??????????????????????
??????????????????????
??????, ???????????????
??????????????, ???????
????????????????, ?????
???????????????????? 
1  ????? 
1.1  ????????? 
????????????????????
1?(?? 3164~3191 m), ???????????, 
?????, ???????? 78.5%??????
???????????, ????????, ?
??????????????????????
????? 3 ????, ???????????
??(Pseudomonas stutzeri), ??????(Bacillus 
cereus)?????????(Burkholderia sp., ??
?)??????????????????????:  
(1) ?????    ??? 10 g, ??? 10 g, 
NaCl 5 g, ??? 1 L, pH 7.0;  
(2) ??????     K2HPO4·3H2O 1.0 g, 
KH2PO4 1.0 g, MgSO4·7H2O 0.5 g, NH4NO3 1.0 g, 
CaCl2 0.02 g, FeCl3??, ??? 1 L, pH 7.0~7.2??
????????? 
1.2  ???????? 
????????????????????
? 100 mL????????????? 1.0 g, ?
? 2 mL(??? OD600 nm = 2.2), ????????
??(30 ℃)??, ?? 180 ?/min???????
? 8 ?, ????????, ?????????
?????????????(??)???????
????????????, ?????????
??, ???????-????????????
??????????, ??????? GC-MS?
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GC-FID??, ????????????????? 
1.3  GC-MS?GC-FID? GC-IRMS?? 
???? GC-MS ???? Thermo Scientific 
Trace GC Ultra????? DSQ II???????
????: ???? HP-1 ???????(30 m× 
0.25 mm×0.25 μm); ????????? 40 ℃, ?
? 2 min, ? 4 ℃/min?? 290 ℃??? 20 min; ?
????, ?? 1.2 mL/min?????: ????
(EI)???(70 eV); ????? 260 ℃, ?????
280 ℃; ??????m/z 50~650, ???? 80 ms? 
?????????????? C15D32???
??, ????? Thermo Scientific Trace GC Ultra
????????? HP-1???????(60 m × 
0.32 mm × 0.25 μm)????????? GC-MS?
?????????, ?? 1.0 mL/min; FID???
?? 295 ℃? 
????????????????????
? , ??????????????? Isoprime 
GC-IRMS ?????-????????, ???
?? DB-1(60 m × 0.32 mm × 0.25 μm); ?????
???? 70 , ℃ ?? 2 min, ? 4 ℃/min?? 290 ℃
??? 20 min?GC-IRMS???????????
????????±0.3‰? 
1.4  ???????????? 
?? Flash 2000????????(EA)???
???????????????????
EA-IRMS??????????????????
??, ?????? 99.99%????, ?????
???????(??????? 950 ℃, ????
?? 1800 ℃??), ??? CO2, ???(????
90)???????? IRMS ? Thermo Scientific 
Delta V Advantage??????????????
? δ13C???????? 0.3‰, ????????
?? V-PDB?????????????, ???
?????????????? 
2  ????? 
2.1  ????????? 
?????????? 8 ?, ???????
????????????????? 1 ????
??????????????????????
??????????????????????
?, ????????????, ???????
???????, ??????????????
? 78.5%??? 8?(ZS-8)?? 55.7%; ?????
?????????, ????????? 15.2%
??? 8 ??? 26.4%, ??????? 5.1%??
? 8??? 11.5%, ???????? 1.2%??? 8
??? 6.5%? 
????????????????????
??????, ???????????????
????? ,  ??????????????? , 
??????????(???????), ???
???????????(??????)??? 1
??, ???????????????????
1 ??(ZS-1)?????, ?? 4 ?(ZS-4)?? 6 ?
(ZS-6)? C17? C18??????????????
???(nC17/Pr? nC18/Ph????? 0.91? 1.49), 
?? 8 ?(ZS-8)?????????(C?18)???
??, ??????????(C>18)??????, 
 
 
表 1  降解油样的族组分含量及部分生物标志物参数 
Table 1  The contents of group fractions and some biomarker parameters 
????? (%) ??????? 
???? ????/? ?? pH 
??? ?? ?? ??? Pr/Ph nC17/Pr nC18/Ph C30H/ (Pr+Ph)
ZS-0 0 7.10 78.5 15.2 5.1 1.2 1.97 3.64 6.89 0.15 
ZS-1 1 6.55 78.5 15.0 5.9 0.6 1.98 2.29 4.58 0.17 
ZS-2 2 6.20 75.9 17.1 6.3 0.7 1.98 0.97 2.00 0.17 
ZS-4 4 6.09 75.1 17.3 6.9 0.7 1.84 0.91 1.80 0.18 
ZS-6 6 6.16 76.3 16.6 6.2 0.9 1.87 0.74 1.49 0.16 
ZS-7 7 6.14 62.2 24.3 11.2 2.3 1.70 0.71 1.36 0.24 
ZS-8 8 6.11 55.7 26.4 11.5 6.5 1.06 0.00 0.00 0.47 
?: Pr: ???; Ph: ??; nC17: C17????; nC18: C18????; C30H: C30??? 
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? 1  ?????????? GC-MS??(?????) 
Fig.1  Total ion chromatograms of saturated hydrocarbon fractions  
in the biodegraded oil samples 
 
??????????????????????
?????(Pr/Ph)?? 7 ??????, ??? 8
??? 1.98?? 1.06, ????, ?? C30????
???????????, ?? 8 ???????
C30H/(Pr+Ph)??????? 0.15?? 0.47, ???
??????????????????, ???
????????????????[15]?????[16]
????????????????????? , 
???????????, Pr/Ph????????
?????; ?????????????, ??
????????????? Pr? Ph? 
????????????????????
???, ???????????, ??????
???????????(? 2), ????????
276.4 mg/g (ZS-0)???? 15.0 mg/g (ZS-8), ??
?? 94.6%??? 2?????, ???? 1?(ZS-1)
?? 2?(ZS-2)? C < 23???????????
?????, ??????????; C ? 23??
?????????? 2 ?????????; ?
? 8 ??, ????????????, ????
??????????????????????
?????????, ????????????
??, ???????????????????
?, ??????????????? 7 ??? 8
?????????????, ????????
??????????????????, ???
???????????????????????
????????????????????[24–26], 
??????????????????????
????, ?????????????, ???
????????[27–28]???, ????????
??????????????????????
???, ?????????, ????????
????? 
 
? 2  ????????????????? 
Fig.2  Variation in concentrations of the n-alkanes with different  
carbon numbers in the biodegraded oil samples 
 
? 3 ??????????????, ???
??????????????, ????, ??
????????????????????C12
?????????, ?? 1 ?(ZS-1)?????
20%, ??? 2 ?(ZS-2)?????????; ??
?????, C12~C23?????????????, 
?????????????????(? 3a)??
C24~C31??????????????(? 3b); C31
????????, ?? 2 ????????, ?
? 8 ????????????????????
???????????????????????
?????????????????????, ?
????????????????, ??????
??????, ????????????[29–33]; ?
?????? β???????????[34–37], ??
????????(???? a)?????? CO2? 
?????, ??????????????
????(??????)??????, ????
????????, ? 80%??????????
????; ?????????????????, 
??????????????????????,  
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? 3  ????????????????????? 
Fig.3  Residual percentage of individual n-alkanes in various biodegraded oil samples relative to those in the initial oil sample 
 
??????????????????????
???[1]??????????????????
???, ??????????????????, 
???????????????, ??????
??????????????????????
?????[7]?Erstad et al.[38]?????????
????????????????????? , 
?????????????????, ????
??????????????????????
??????????????????????
????? , ??????????????? , 
?????????, ????????????
???????????? 
? 1 ?????????????, ????
?? pH ?????, ????????????
??????????????????????
???????[10, 12, 38–39]???????????
??????, ???????????????
???????????? , ????????
??????????????(?????)???
??, ???????????????????
?, ?????????????????–???
?????, ????????????????
???????????Liao et al.[40]? ESI FT-ICR 
MS ???????, ???–????????, ?
?????????????????????? 
2.2  ????????? δ13C???? 
????????????????????
??????????????????????
?????????????? 4 ??????? 
 
? 4  ??????????????????? 
Fig.4  The δ13C values of individual n-alkanes in the biodegraded oil samples 
 
??????, C14~C30 ????????????
??????C14~C17????? δ13C??–23.5‰~ 
–24.5‰??, C18~C30????? δ13C??–25.0‰~ 
–26.0‰??; ???????????, ????
? δ13C ????????????????, ??
???????, ??????[23]???????
??????????????????????
???Mazeas et al.[21]?????????????
??????????????????????
?????????????, ????????
??????????????????? 
????????????????????
??????????????????, ???
??????????????????????
???????, ??????????????
??????????????[22–23]?? 5 ???
??????–???????????????
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?????????????????(ZS-0)???
?????????????? δ13C ?(–26.2‰), 
?????????? δ13C???, ???–26.8‰
?–27.3‰??????????????????
?(78.5%), ????? δ13C?(–26.3‰)?????
???? δ13C ??????????????, ?
???? δ13C???(–24.0‰~ –26.0‰), ????
???????, ?????????, ????
???? δ13C?????(????–27.5‰, ZS-8), 
???? δ13C ?????? (????–27.0‰, 
ZS-8); ???????????????????
??, ??????? δ13C ??????????
???, ????????? δ13C ???????
?, ????????????????, ???
???? δ13C????????????????
??????? [8], ?????????????
?????[22, 41]?? Sun et al.[22]????????
?????, ????????????????
????? δ13C ?????, ??????? δ13C
?????, ?????????Liao et al.[41]??
??????????????????????
??Barth et al.[39]?????, ?????????
?????????, ????????????
?????????Watson et al.[10]???????
????????? , ???–????????
??????????, ???????????
??????????[42]???????????
????(????), ??????, ??(???
?+???)?????????????????
?, ????????????, ???????
??, ???????????????????, 
??????????????????, ???
????; ?????????????????
???????????, ??????????
?????????????–?????????
?????????, ?????????? δ13C
??????????, ?????????, ??
???????????, ??????????
????????????????[41], ????
??? δ13C?????????????????
??????????????????????
???????????, ??????????
δ13C ????? Liao et al.[41]?????????
???? δ13C ??“????”???, “????”
??????????????, ???????
?????????, ???????, ??? δ13C
???????????????, ??????
????????????????, ?????
??(???????? CO2)?????????
????????, ??????? pH ????
?? 7.10 ????? 6.11 ?????(? 1)???
????, ???????????????(??
???CO2)??????? δ13C????????
?????????? δ13C??????????
??????? 
 
? 5  ??????????????????? 
Fig.5  The δ13C values of bulk oils and oil groups for the biodegraded oils 
ZS-4??????????????, ????? 
 
????, ???????????????
????????????? 3???(? 6): ??
??????????????????????
??????????????????????; 
???????????, ???????? β ?
???????????, ??????????
???; ??, ????? β??????, ???
??????(???? a)?????? CO2???
????? δ13C ????????, ??????
?????????? CO2??????????
?? δ13C ???, ??????????????
??????????????????? δ13C?
????, ???????? δ13C ???????
??????? δ13C ???“????”[41], ???
??????????? δ13C?? 
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? 6  ?????????????????????
???????? 
Fig.6  Possible biodegradation pathway and products of n-alkanes 
during the aerobic biodegradation of crude oil 
3  ?  ? 
(1) ????? , ????????????
?????????, ????????????
?????????(?????????)????
?????; ?????????????, C12+?
???????????????????, ??
????????????????????  
(2) ????????? , ????(C14~C30)
???????????????, ??????
??????????????????????
??, ????????????  
(3) ??????????????????
?????????? CO2 ?????, ????
δ13C ?????; ??????????????
?????????????????, ????
??????????????????????
?????????? δ13C???“????”? 
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